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EXECUTIVE SUMMARY

Architectural Precast Concre(APC) dadding has been a popular and reliable method of
constructing buildingfacadesfor decades.Architects, engineers, and builders have taken
advantage of the §h quality aesthetic finisheshe flexibility of shapesand the enhanced
constructionschedule thathese premanufacturedsystems offer.Since the APC cladding
supportsexterior enclosure dhe building, it isone of theessentiahonstructural componeand
systens (NCSs) within buildings. Furthermore, these and other ddesdefinethe architectural
appeal of a buildingndin generakepresena significant portion of the cost of construction.

The APCpanelsare cast offite at gprecast plantshipped to the construction siterected
with a crane, and finally fastened to the structural frame wittdedeland/or boltedsteel
connectionsThis panelizedand jointed wall system is nsinuctural innatureas it generallynly
suppors itself and minor superimposed loadach aswindows and canopies. However, the
seismic mass of the systecan besignificant, and thdimited number of connectionmay
provide little redundancyin the event ofconnection failuresFurthermore during a seismic
event, thepanel systenwill be subject to the interstory drifts imposed by thevement of the
primary lateral framing system of the building/hile currentbuilding codes do have design
provisions addresng drift canpatibility of cladding panestheserequirements aravorded
rathergenerallyand leave specific detailing decisions to jingmentof thedesigner

To complement current code provisions, thdissign guide provides a summary of the
current gate of practice for seismic designAPC panet andconnections- with a focus on dft
compatibility provisions.Its intert is to assist the precast specialty structural engineer and
structural engineer of record in designing buildings with architdgbueaast concretiacadesin

areas of moderate to high seismickiowever it mayalsobe useful for academics and students,



architects and precaptinelfabricators In particular quantitative recommendatignshich are
backed by laboratory researehe providedor achievingdeformationcapability of tmeaded rod
tieback connectionsTieback connectionscommonlyused in US practicenclude both sliding

and flexing-type connections. fRally, the guide provides recommended design and detailing
practices for ductile tiebackconnections, including a performance based ductile fuse connection
that was testedithin a full scale puilding tested on a shake taldéethe University of California,

San DiegoThe purposef thisdetail isto allow reduceghanetto-panelseismigoints at corners.

This guide is organized as follows. Chapter 1 includes an introdutdi@mchiectural
precast concrete panels, their functiongst common typesand practical design issues of
relevance in seismic zone€hapter 2 inludes a discussion of the nature of their behavior,
particularly with regard to observations from past earthquakeskeydindings from recent
experimental studies. Chapterc®ncludes by presenting design concepts with the intent of
providing specific gidance to the engineer of such systems. This chapter concludes by
presenting aumerical examplelemonstrating the process of designing for a ductile corner APC

system.
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CHAPTER 1 - INTRODUCTION

1 INTRODUCTION

1.1 ARCHITECTURAL PRECAS T CONCRETE (APC) CLADDING

Architectural precast concrete (AP€addingis acommon facade systeosed to provide the
architectural exterior finish t@aommercial, industrial, institutional, and multnit residential
buildings These types dfacade systemarebuilt by mounting large precast concrete panels
the structural systemsing steelconnections.n this regard, it is noted thah the presen
document APC claddingrefers to the panel anitk connectors acting as a systemmereasAPC
panelsrefers solelyto the panels as a compone&C claddinghas been a popular and reliable
method of constructing building enclosures for decades. Arthitecgineers, and builders have
taken advantage of theghi quality aesthetic finishethe flexibility of shapeandthe enhanced
constructionschedule thathese premanufactured systemsffer. Since the APC cladding
supportsexterior enclosure of theuilding, it is an essentiatype ofnonstructural componeand
system (NCS),potentially representing a significant portion of the cost of construction
Moreover it providesrchitectural appeand completeneds the building.It is notedthat like
mary exterior fa@des, the APC panedseconstructedff-site at a precast plant, then shipped to
the construction site and erected with a crane, and finally fastened to the structural frame with

welded and/or bolted connections.

1.2 APC CLADDING IN ZONE S OF MODERATE AND HIGH SEI SMICITY

The PrecagPrestressedoncrete Institute HCI) design handbook for precast and prestressed
concretedescribes common types of precesicrete panels when usedcésdding(PCI 2007).
Generallythese are categorized as solid wall panels, window panels, spandrel panels, column

covers and mullions or wadlupporting unitsThe focus of the present design guide is on panel

1



CHAPTER 1 - INTRODUCTION

systems that are capable of accommodating large story drifts by employing connections that
either slide in slots or allow flexing of the connection components. Such systems are needed in
zones of moderate to high seismicity. Common types of APC panels that have been successful in
allowing large seismic drifts include punched window panels, u-shaped panels, or spandrel and
column cover panels (schematically shown in Figure 1.1). Photographs of these systems after

construction at the precast plant and as installed on a building are shown in Figure 1.2.

Vertical Joint Vertical Joint
ertical Join ¢ Vertical Joint

Panel Shape

@
=3
<
=
72]
—
<
=
<
~

Panels Shape

(@) (b) ()

Figure 1.1. Subset of commorAPC cladding arrangements for building facades: (a)
punched window panels, (b) tshaped panels, and (c) emulated-shaped panelgalso
referred to as pandrel with column cover panels) These drift-compatible systems are the
intended focus of this guide.

(b)

Figure 1.2. Examples of typical precast concrete cladding systems installed in the field:
(a) punched panel system in transport and (b)+shaped panels during installation.
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CHAPTER 1 - INTRODUCTION

1.3 PUNCHED WINDOW AND U-SHAPED PANELS: PRAGMATIC ISSUES

For maximum efficiency, the precaster’s goal is to panelize a facade into large repetitive shapes
that take into account the visual architectural requirensrdshe complexity of the mold work
required to fabricate theapel Architectural constraints on panelization are floor height,
horizontal module, and surface features such as jomneals,bullnoses, corniceand corner
details. In contrast, thesize ofanindividual panel is limited most directly by the constta on
shipping it to the job site from the factoriunched window panel@=igure 1la, 1.2 are
preferredwhenit is possible to ship a panel whose height is equal to the distance between floors
andhorizontal joints at the floor are acceptaliée advantage of thisonfigurationis that the
top connectionsvill be madeabove the ceilingvhere they are easily cozmledandthe panels
may be preglazed.In contrast, tshaped panel@igure 11b) may berequiredif a horizontal
joint at the floor isarchitecturallyunacceptableAs a resultthetop connectionsill be madeat
or below the ceilingand may be restricted in their size and locatlbfloor heightscreate panel
geometries too large for transportation, ttibe facade system has to be broken into smaller
componentsBy combining spandrels and column coveasushape can bemulated(Figure
1.1c).

Figure 1.3summarizes both the architectural and manufacturing asiettguide precast
designersvhen determininghe systenconfiguration and connection requiremerntss noted
that @nnection types denoted towards the bottorthisfflow chart are a key element to assuring
the APCcladding maintairs deformation compatibilit with the building. A such, adetailed
discussion of their design is of particular focus in the present guide and vphebentedn

Chapter 3.
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Can full-story height
panels be shipped?

& e

Isa ht%:l,zfcl)gct)arlllijr?(lam near SPANDREL WITH
architecturally acceptable? INFILL COLUMN
! E ' COVER

What is the shape of
the column cover?
Tall and
i narrow

Panel configuration types COLUMN

COVERTILTS
PUNCHED ap EMULATE “U”
o WINDOW e U" SHAPED e SHAPED

Minimize
corner joint

Can attachment to the structure be size

provided at the top of the panel?

Is thé connection point
to the structure close W
the back of the panel?

LR

Connection types

PANEL TO
ofD oD oFFE

Figure 1.3. Typical flow chart used in design of the APC cladding

1.4 GOVERNING DESIGN CODES AND REFERENCE STANDARDS

The APC panels and their connectiomaust be designed to carry anticipated loads and
deformationsconsideringdemandsanticipated during its intended performance pef(mavity,

wind, seismic and other), with sufficient margin against failure and load path continuity. At
presentthese systems are currently designed according to the following model code provisions
and reference standards:

1. 2012 International Building CeIBC, 2012)



4.

5.

CHAPTER 1 - INTRODUCTION

ASCE/SEI 710 Minimum Design Loads for Buildings and Other Structy&SCE,
2010)

ACI 31811 - Building Code Requirements for Structural Conc(&t€l, 2011)

PCI MNL 120- PCI Design Handboo{Cl, 2QL.0);

PCI MNL 122- Architectural Precst Concrete (PCI, 2007);

While load estimates are reasonably discussed within the aforementioned docdesegts,

provisions addressing driftompatibility of cladding panels, which is essentialniinimize

overload and damage to the panalg either to vague or overly qualitativie providespecific

guidanceto design professionals detailing these syst&pscifically, ASCE 710 requires that

“Connections and panel joints shall allow for the story drift caused by relative seismic

displacements . . . “ and “Connections to permit movement in the plane of the panel for story

drift shall be sliding connections using slotted or oversize holes, connections that permit

movement by bending of steel, or other connections that provide equivalent sliding or ductile

capacity.” To satisfy these requirements it is common practice to do two things:

1.

2.

Connections intended to resist out of plane forces but allgplame building motion are

configured with either:

A. A slot long enough to allow maximum building motion intbdirections, i.edesign
aslotted connection

B. A long connection rod capable of bending enough to allow maximum building motion
in both directions, i.edesign dlexing connection

Panel joints are sized so that no panel contacts any other panel an pbittie structure

while the structure experiences its maximdesign seismidisplacement.
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Since APCpanels arextremely rigid inplane, designers must also ensure that the panels do
not become part of the load path for seismic forces originating in the strucuaehieve these
goals the bottom and top othe APC panelsusetwo different types of connections the
structural elements. The lower connectiem®mmonly termedearings - fix the bottom of the
panel to the lower floor slatr beam Thetop connections restrain the pam¢kthe uppeslab or
beamin the outof-plane direction, while allowing relag movement between the two in the in
plane direction. For this reason, these connections are tgumségull connection®r tiebacks
The combination of lower bearing connections and upper-pultltonnections creates a panel
that moves rigidly with thdottom slab in the uplane directionwhile deforming only in the
out-of-plane directionlt is noted that this connection configuration can be reversed as well, with
panels that hang from top bearings and have bottom-gulklconnections. Regardless thfe
arrangement, thisype of driftabsorbing mechanisnwhich was termed swaying by Wang
(1987) creates a method for seismically protecting the payelllowing its movement relative
to the building framelt is noted that the present terminologytr@nslationor rocking are more
readily referred to than the original conceptsafaying to emphasize the rigid body movement
of the panel.The concept of drift accommodation uiacking is more common in countries
outside of the U.SThe key componentsf this mechanism are the pugtll connections, whose
main element is a threaded rod that allows thplame displacement by either flexinfieking

connection or sliding inside a slos(iding connectiop(PCI2007).

1.4.1 Need fora Seismic AccomodationJoint

Implementation ofa mechanismthat allows drift compatibility with the building structural
systenresults in the neefdr largejoints at the corners of a building where the relative motion of

the panels on each side of the corner would cause the panels to it@lstandardoint were
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used. This collision could result in connection failure and disengagement of the panel from the
structure. This seismic motion consideration has led to the use of laegéantjoints running
vertically up each corner of the buildin@rigure 14), a facet of the designwhich is
architecturally undesirablé&intil the 1990’s, d -inch joint at this intersectionvas expected to
perform suitably, however, code changes havalte$in seismicjoint widths that match the
maximum expected inelastic drift of the structurerecent code editions for example, a flexible
moment frame system may allostory drifts as large a®-2.5% times the floefloor height
(ASCE *#10, 2010) As a result,a joint width of 3-" ” is not uncommonWhile this is an
aesthetically undesirable solution to architects or owners, the current state of knquéaages
reducing thgoint back to its’! -inch size. Revisions in this detail requirement have made the
market for precast concrete cladding less desirable when compared with other,fagatess
steel stud systems.

As an #ernative to providing a large seismigint, the design can allow for paseto
collide. If this is to occur howevert is important ® assurehat the connections within the load
path are not overloaded. Such a philosophy regaimeslement within the load path to yield and
retain sufficient posyield deformation and strength during the remainder of the seismic event.
In latersectionsof this guidethe concept of a ductile corner connection is presented in support

of such an alternative design.
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Figure 1.4. Variation in reveal at the exterior of various APC cladding for (a) a miter joint
and (b) a butt-return joint

1.4.2 Design Community Perspective

Although design guidance for detailing these connections is not well formulated;ey of 13
precast producers and/or designessductedby the authorsndicatedtha engineerscertainly
realize that building displacements affect panel joint size and configurafiondefine thgoint
width and design the connectigriee designetypically usesthe displacement values given by
the structural engineer of record or maximuaiswed by the codeASCE 710, 201Q. More
than 90% ofthe respondentt® this surveyuseslotted connections to accommodate this drift,
with the slots designed to take timaximum expected displacemewith nominalextra space to
account for fit up tolerance®nly about 286 of respondentshowever,indicated that they use
flexural yielding of steel to accommodate deften though this is expressly permitted by the

code.
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1.5 SCOPE OF THIS GUIDE

Through funding providedybthe Charles Pankow Foundatiamd with the guidance ofan

industry board composed of experts in the precast concrete industry, researchers at the University
of California, San Diego and San Jose State University collaborate@xpénts in the field of
precast concrete cladding design and construd¢todewelop the present design guide. This
guide is intended fopracticing structural engineers and precast specialty structural engineers
designing buildings and cladding systems with architectural precast concrete panels in areas of
moderate to high seismicityrarticular focusis given to APC cladding systenmstended for
accommodating buildirghduced seismic drifts andescribed inFigure 1.1 It is noted that

design of multistory panel systems, rocking column cover systems, and other fagade types are
beyord the scope of this guidédowever the fundamental principles developed herein are
readily adoptable tsuch systems# bolted sliding connections or flexing rods connections are
used.Moreover, this guide istended for use with systems designed witmoderate to high

seismic zonessgisnic design category (D, E, or Faccording to ASCE-710).
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2 NATURE OF APC CLADDING BEHAVIOR

A panelizedAPC claddingsystem is nonstructural in natuigenerallysupportingonly its own

weight and minor superimposed loadsich as thosérom attachedwindows and canopies.
However, the mass of the system is significant, and the discrete number of connections provides
limited redundancy or alternate load paths in the event ofextion failures.Furthermore,

during a seismic event, tledaddingsystem willrespond to the displacementtbé structure as

reactsto seismic forcesThis interaction maycauseadjacent panelso collide if the joints
between the panels are too snfigure 21). This couldresult in damage to the pageir their
connections to the structureaigejoints, however,may compromise the building envelope

the architectural appearance of the system

Floor line g7 H\ Floor Motion M
y M ]
| 2
Building = o
£ . a Q.
raming 8 o)
members £ e
: . ©
Floorline Floor Motion o
—_— ® >

APC panel< ® .K

Floor line A 4

[ mil N 4 il

(@) (b)

Figure 2.1. APC cladding attached to a building frame (a) undeformednd (b)
deformed during seismic displacement.
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2.1 OBSERVATIONS FROM PAST EARTHQUAKES

Although few significant problemshave been observed in past earthquakes for APdzlicig
systemsit is not clear that those designed to modern cdde® beensubjected to anajor
(design or maximum credibl@arthquake in the United States.gl). In particular, given the
significant number of existing buildingsith APC claddingin the U.S, panel collapselue to
earthquakesas only been reported in a few cas&gecastoncrete claddinganel failures were
observed during the 1964 Alaska earthquake and the 198fiaNharrows earthquaké&igure

2.2). However, it is noted that although the 1989 Loma Prieta earthquake did not result in
damage to the panels, reconnaissance tegmsulatethat if the intensity of the shaking had
been any hilger, damage to the connections would have likely occuBE®|, 1990; and further
reported in Sielaff et al., 20D5 Also, no severe damage to this type of facade was reported

during the 1994 Northridge earthquakesfson and Hawkins 1994

(b)

Figure 2.2. APC panel(a: as installed before) and (bfallen from a parking garage) at
CSULA during the 1987Whittier Earthquake . One person wasfatally wounding (Arnold,
2009after Taly, 1988).
In contrastalthough theletailing varies globallyinstances of damage &PC systems have

been reported in several earthquakes worldwide. For example, many cases of moderate and

11



CHAPTER 2 —NATURE OF APC CLADDI NG BEHAVIOR

severe damage were reported after the 1985 Mexico earthquake (Goodno et al., 1989) and the
1995 Hyogo-Ken Nanbu earthquake in Japan (Horii et al., 1995). More recently, failures of
several APC panel connections were observed following the 2009 L’Aquila earthquake in Italy
(Miyamoto International, 2009) and during the Chile earthquake in 2010, when several panels
collapsed in the out-of-plane direction (Gosh and Cleland 2010) (Figure 2.3). During the 2011
Christchurch earthquake in New Zealand, several panels failed due to errors in the installations
of the connections (Baird et al., 2011). In addition, extensive cracking, corner crushing, residual
displacement of the panels and rupture of the seal at panel interfaces were reported. Insufficient
displacement capacity of the connections led to several APC panel failures during the more
recent 2012 Emilia earthquake in Italy (Bournas et al. 2013). It is noted that although the
connection details between the panel and building may vary in other countries, for the
aforementioned post-earthquake observations the intended mechanism was one of in-plane sway,
yet these systems were subject to excessive in-plane drifts leading to connection overload and
failure. While these failures may manifest in out of plane panel collapse (e.g. Figure 2.3), the

precursor to such a result was likely the preceding in-plane connection failure.

(b)

Figure 2.3. Photographs showing examples of collapsed panels after (a) the 2009
L’Aquila earthquake ( Miyamoto International, 2009) and (b) the 2010 Chile earthquake
(Gosh and Cleland, 201p
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2.1.1 Consequence oDamageto the APC Cladding

Recent earthquakes have demonstrated that damage MCS ina building poss life safety
hazards to occupants antylead to significant economic lossasd repair downtimelhe APC
cladding systenis no exceptioras it serves as the essential exterior enclosueebuilding, is
heavy, andlacks redundancy It is also important to note th&é&cades are one of the most
expensiveNCSsinstalledon buildings(Taghavi and Miranda 2003As a result otheir limited
redundancy, connection failuresuld destabilizethe panel, threatening |Hgafety Nonetheless,
the building indusly expectation is thathese systemallow significant horizontal movement,
with the cladding remaining inta@nd connected tthe structure, even as the main structural
system experiences severe damageleed, improvedlesign and detailing for the anticipated
movements of theladdingis of critical importance not only because of the evidence of damage
from past earthquakes, but also because of the consequences of earthquake din®gzadd

system.

2.2 OBSERVATIONSFROM EXPERIMENTS

2.2.1 Systemlevel Investigations

Largescale systerevel experiments on buildings are costly and time consuming. However, a
number of recent fulscale programs have provided an opportunity to A3 claddingin
building systemsTwo projectsin particular are discussed in this sectittre NEES/Tipgroject
conductedat the E-Defensefacility in Japanand theBuilding Nonstructural Components and

Systems (BNCS) projeett NEES@UCSDacility in the US..
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NEES/Tips Project at EDefense

This first project was conducted in conjunction with the NEES/Tips program atbredefase

facility in Kobe, Japan ir2011 (Ryan et al, 2008; Soroushian et al., 2012; McMullin et al.,
2012). These tests were conducted on a shake table allowing motiolh $ix alegrees of
freedom. The main goal of the NEES/Tips program was the comparison of structural response of
isolated buildings versus fixdaase structures and the influence on a variety of nonstructural
systems including architectural precalstddingsystems

The parameters of the experimaand theperformance of the building are discussed by Dao
(2012, however they are provided in brevity hefiéhe overall height of the steel moment
resisting frame structure, including its foundation was 53’ witlform story heights 09’-6".

Lateral resistance for the building was provided by alayw by twebay complete space frame
with all beams and columns witmomentconnections. A total of 24 earthquake tests were
conducted on the building, nineteen imase isolated configuration (Bl) followed by five in a
fixed-base (FB) configuration.

Through support of the National Science Foundation, the Kobe, -bagaed EDefense
research facility, San Jose State University and industry professionals, a tem®anthers and
precast concrete producers designed and constructed architectural precast panels to American
standards Steel connections were fabricated in the United States and shipped to Japan for
testing. Casting and installation of the panels wasipleted in Japan but used standard
American practiceand was observed by @ite American industry personnel. A tywanel
corner assembly was constructed and attached to-sherybsteel moment frame building at
levels 4 and 5The panels were mounted one corner of the fivetory building and subjected

to 3-axes of horizontal acceleration inf@itthe base of the structuf@dure 24).
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The size and shape of tpanels were consistent with American design, although the story
height is less thamay becommon in commercial constructiolll panels were 5 inches thick
and had a height of 8" to match the story height. The flat panel had a width -Gf015” while
the corner return panel had a length of 4’ and a return-205” as shown ifrigure 25. The
return panel weighed approximately 2.4 kips and the flat panel wempmoximately 1.1 kips.

A two-inch joint separated the two paneldie twainch joint is significantly larger than would
usually be used for rocking panel systems in eilhe3. or Japanese practice, however the

timeline of testing did not allow for mdatation of the panels prior to testing.

Figure 24. Upper stories of the EDefense test building and APC panels
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4 Vertical-Slot Connections
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Figure 25. APC panelgeometry andlayout for the E-Defensetest: (a) flat panel and
(b) return panel.

The fagade desigm these tests adoptedrockirg action to allow lateradtory drift of the
building due to the use of fu#itory height column cover panels that had relatively narrow width.
The rocking action of # panel occurs due to the use eftical slots irall four steel connections
of each panel. The vertical sl@tBow for relativevertical movemenat the corners of the panel
which allows the top of the panel to move laterally and thus accommodatelatige lateral
movement of thaupper floor of the building as shown Kigure 26a. Two types of slotted
connections were used on each panel. At the base, slott@ddoeonnections we used as
shown inFigure 26b. The connection contains a vertical slot in the angles to allow upward
movement but have leveling bolts that previhe panefrom movingdownward, thus providing
bearing support for the panel. The steel rods in the slots are unthreaded bar. The vertical angles
are installed during panel installation and are welded into place aftearibeip installedFigure
2.6c shows the vertical slotted connection at the top of the panels. These top connections use
threaded coil rod and were installed with zero free length (snug conditi@mould be noted
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that the vertical slot orientation and the panel’s rocking behavior is distinctly different than the
connections discussed in this design guidewever, the performance of the slotted connections
in a dynamic loading environment shexilitional insight into the performance of these types of

connections during seismic events.

I
& Assemt:!y
i

Initial position

upportirig
e |
. eonnection

L o 3 - Vertical
Slot
(@) (b) (©)

Figure 2.6. (a) Rocking panels during their intended behavior. (b}lotted connection
used during the Edefensetest atbottom — connection allows vertical movement in the
upward direction of slot but leveling bolt (inside angles) prevents the connection from

moving downward and ) at top of panel. Coil rod extends through vertical slot of angle in
a snug configuation. Coil nut and washer on left side of angle.

|
(©)
Rotated position;\)

Connections

Peak table accelerations of 0.23g in thairection, 0.41g in the-girection and 1.06g in the
z-direction wereachieved at the base of the buildidgring the fixedbase experimentsThe
peak story dééction was determined as the relative deflection of the story slabs attached to the
top and bottom of the panelsStory drift ratio was determined by dividing the story deflection by
the difference in the top of slab elevations of the two sl&iiile the building was tested in the
fixed base condition, the peadtory drift ratio was 0.65% for the location of the architectural
precast claddingThe largest peak story drift ratios for the base isolated structure were
approximately half of this value. Vialiinspection of the panels and connections occurred after

each set of seismic tests where each set included approximately four different events.
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Throughout the entire test program, the APC system behaved according to design, with vertical
slotted conneatns sufficiently allowing movement to accommodate story drift and with no
damage observed in any of the panels. Snug sliding connections performed without binding,
allowing the panels to rack and accommodate the story drift. At the conclusion of alj testi
there was no visual damage to any welds, rods, panels or suppostgrldteno permanent

misalignment othe panels.

BNCSProjectat NEES@UCSD

In 2012 a five-story full-scale building fully equipped with a large variety of NCSs was tested
on thelarge high performanceutdoor shake table #te University of California, San Diego
(NEES@UCSD) It is noted that this shake table is unidirectional and imposes motion in the
eastwest directionThe main goal of thifandmark project was to test a large number of NCSs
as installed in a real building environmenby design, the specimen was intended to mimic a
total, functional building system The project was coinedhe Building Nonstructural
Components and SystenBNCS)projectand its results are documented in a series of technical
reportsand paperg$Chen et al.2014,2013ab; Pantoli et al2014a,2013ab; Hutchinson et al.,
2013. The overall height of theeinforced concrete building specimemcluding its faindation,

was 75; with 14’ story heightsLateral seismic resistander this building wasprovided by a
pair of identicalonebay speciareinforced concretenomentresistingframes inthe Northeast
and Southeadtays.The nonstructural components andgtsyns installed on the test specimen
included stairs, a passenger elevat@rious equipmentat individual floors and two different
types of facadesl) the first three levalwere enclosed bgold-formed steeballoon framing
overlaid withsynthetic tuccg and 2)the two uppetevels were enclosed with a systemAPC

panels An overview photograpbf the building and achematiglan view can be seen kigure
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2.7a and brespectivelyln total, thirteen earthquake tests were conducted on the builéwven s
while it was base isolated (B&ndsix while it was in dixed-base (FB) configuration.

Through support of the Charles Pankow Foundation and an industspigdboard within
the Precast Concrete Institute (PCI), a team of researchers and precast concrete producers
worked closely on the design, construction, installation, and instrumentation of the precast
concrete panels installed at the upper two floorthefBNCS building specimen. Two punched
window-type panels per side of the building were installed at each floor, resulting in a total of 16
panels mountedn the test buildingFigure 27c and2.8). Eight panelsvere attached so as to
experience building motions predominantly in plane (IP panels) and eight experienced
predominantly out of plane motions (OP paneGpnnection of the panels to the building
skeleton were facilitated by steel embeds installed in the slab, beams and cdloenpanels
were supported bipearing connections at the bottom and posth connections at the topll
panels werés inchesthick. The height of the panels installed on the fourth floor was 13'11”
while the panels on the fifth level were 15’5” tallhe IP panels hadidth between 188" and
1611" and a weight between 10.7 kips and 13 kipisile theOP panels were smaller, with
width of 11'4” (not including the returning corner) and a weight between 8.1 and 9.5 kips
Normal weightconcrete with a 28lay design compressive strength='5 ksi were used in the
fabrication of these panel¥he IP panels utilized four pugiull connections each iarderto
maximize the conneicins and then the details tested, however it is noted that in a real case less
connections would have suffice for a panel this dieails of thevarious panel geoetries are
summarized inFigure 28. The primary variables considered in the ABgtemof this test
program included: (i) flexing and sliding puphbll connectios with different rodfree lengths

(L¢) andfree lengthto-diameter ratiosl(;/d), as reported iTable 21; (ii) a new type of corner
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connection allowing for smaller corner jointhis connection was charaaded by a yielding
fuse in the form of a bending plate; and (iii) miter and-bettirn corner jointsAll rods were
type A36 steel. Mterial properties for the rods installede sliding connections is presented in
Appendix A The bending plate was cstructed of ” thick A36 steel plate stock.

Directiom of motiom
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Figure 2.7. General views of the BNCS building specimen: (a) photograph of the North
and West sides of the building, (b) plan view of a typical floor, and (c) images of the APC
panels during fabrication at the precast plant.
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Table 21. Summary of rod lengths tested during the BNCS experimerftl = rod diameter,
L = free length— see Figures 3.1 and 3.2)

Type of Short rod Medium rod Long rod
connection L¢ (inch) L«/d L+ (inch) L«/d L+ (inch) L«/d

Sliding snug - 29 3.8 64 85

Flexing 109 145 149 19.8 189 252
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B Bearing B
Connections

Bearing
Connections

8.9 ki ;
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(b)
Figure 2.8. View of the APC panels installed in the BNC®uilding, showing the
geometry and the typical location of the connections: (a) IP panels on the south side and (b)
OP panels on the east side

After each test, the panels and connections were inspected. Some of the connections
displayedpermanent bendingf the steel (plastic bending of the connecting rods or the plate
used in the connection with a ductile fude® damage to any of the welded connectionsod
fracturewas observed. The panels manifessedne visible surface cracking (Crearing of
caudking (Ca) or permanent misalignments (Pprecipitatedby plastic bending of connection
rods or plates. Video footage from cameras positioned on the roof of the structure showed the

corner panels collidinginder the higher drift event®& summary ofthe performance of the

fourth and fifth floor connections and panetnd corresponding peak interstadyift ratios
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(PIDRs), peak interstory drifts (PIDs)' and peak floor accelerations (PFAs) can be found in
Table 2.2 and 2.3. Performance of the APC cladding is classified based on the damage observed,
for example, none minor if mostly aesthetic, moderateif it requires some repair and severeaf it
is life threatening. It is important to note that when moderate damageto the rods in the
connections were observed — although repair, by replacing the rods may be desirable — in all
cases the rods still served their intended purposes, that is to continue to carry load following the
test. In these tables, it is indicate the motions after which the rods were replaced. The rods were
replaced after test FB3 in preparation for a larger magnitude fixed-base test, where it was desired
to have elastic rods at the beginning of the test. It should also be noted that permanent
misalignments and damage to joint caulking were observed through exterior inspections that

could not be performed after each motion due to time constrains.

Performance of Sliding and Flexing Rod Coctiens

For both sliding and flexing rod connections moderaé damage corresponded to a visible
plastic bending of the rod post-test. As can be seen in Table 2.2 and 2.3, sliding connections with
long rods did not behave as well as shorter rod configurations (Figure 2.9a), while sliding
connections with medium length rods were only damaged during one motion. Some of the
permanent deformations resulting in the long sliding rod connections were larger than the
realized peak displacement of the connection, indicating a “ratcheting effect” where the
connection binds in one direction only and slides in the other, thus accumulating residual

deformations after multiple cycles.

"It is noted that within the present document, absent this section, the relative floor to floor drift magnitude is
referred to as story driftto be consistent with ASCE 7-10 (2010). The terminology interstory drift is adopted in this
section to be consistent with prior publications of the authors on this test series.
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Table 22. Performance of the APC claddingin the BNCS building - Level 4. Note that

N/A ( = not available) denotes cases situations where inspections were not performed,

therefore the performance level is not available.

Test| PIDR PID PFA Connections Panels

4" & & IP OoP Pm Ca Cr

level level floor

(%) (in) (@) Flexing Sliding

medium long short long

Bl7 | 0.15 0.25 0.24 None None None None None | None None None
FB1| 0.24 0.40 0.31| None None None Mod? None | None None Minor
FB2 | 0.26 0.44 0.32 None None None Mod. None | None None Minor
FB3| 0.43 0.72 0.43 | Noné None None Mod."”* Minor | None None Minor
FB4| 0.74 1.24 0.50 None None None Mod. Minor | None None Minor
FB5| 1.09 1.83 0.70 Mod. None None Mod. Minor | N/A N/A  Minor
FB6 | 1.29 217 0.65 Mod. Mod. None Mod. Mod. | Mod. Mod. Mod.

*Connection rod replaced to provide fresh rfmtssubsequent tests

Connection rod replacetlie to significant plastic rotation

Note: Mod.?Moderate; IP=IAPlane; OP=0ubf-plane; Pm=Permanent misalignments; Ca=Caulking; Cr=Cracking

Table 23. Performance of the APC claddingn the BNCS building - Level 5. Note that

N/A ( = not available) denotes cases situations wigeinspections were not performed,

therefore the performance level is not available.

Test| PIDR PID PFA Connections Panels
IP OoP Pm Ca Cr
level level floor : __
_ Flexing Sliding
(%)  (in) (9) .
short medum short medium

BI17 0.09 0.15 0.24 | None None None None None| None None None
FB1| 0.13 0.22 0.35 | None None None Noné€' None| None None Minor
FB2 | 0.14 0.23 0.35 | None None None None None| None None Minor
FB3| 0.23 0.38 0.47 | Noné Noné Noneé Non€ None| None None Minor
FB4 | 0.36 0.60 0.57 | None None None Mod. None| None None Minor
FB5| 054 090 0.68 | None None None None None| N/A N/A Minor
FB6 | 0.66 1.11 0.65 | None Mod. None None None| None Minor Minor

*Connecibn rod replaced to provide fresh rdds subsequent tests

Note: Mod.=ModeratelP=In-Plane; OP=0ubf-plane; Pm=Permanent misalignments; Ca=Caulking; Cr=Cracking
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Snug sliding connectios behaved well as expected, with no damage observed. In general,
flexing rod connections showéeétterperformancehansliding connectiondn fact, connections

with long and medium radshowed vyielding only during the fin&sts FB5 and FB6. Figure

2.9b shown the typical deformation observed in the case of flexing connection, which tend to
create hinge at the two edgdde short flexing connections installedtlae fifth leveldid not
showany permanent bending throughout thérertest sequenc&hese observations led also to

the conclusion that for both type$ connections the actual working mechanism includes both

sliding and bendingPantoli et al., 2013c)

.

APC panel

(@) (b)

Figure 2.9. Example of performance of connections: (a) long sliding rod after FB3, and
(b) medium length flexing rod after FB5. Views looking up at connection.

Permanent MsalignmentDamage taCaulking andCracking of thePanels

After the final motion, the uppegortions of both the southern and north@d#) panels on ta

west side of the fourth levelbserved a permanent westward misalignment with respect to the
bottomof the panels on the fifth levelhefinal position of theupper portion of the northern
pane (the one with butt return jointyas~1.6in west of its original positionvhile the southern

panel(having a miter jointhad a permanent westward misalignment@btn. Long sections of
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caulking tore off completely at the fourth floor aniifth levels after FB6. Examples of these
type of damage can be observedrigure 210. This permanent misalignment was tgected
result of theductile fuse corner connectiomhich yields in bending when the panelsntact
each other.Minor cracking of the panels started from the first Bl motions but was very limited
and cracks were generally small @@4in) Crackingreached a moderate level only at few

locations after théinal motion at the fourth level

Panel Return
(5" level)

L

ij
g

Pérmanent misalignment
<« Damage to caulking

o

i

L]
i

Panel Return
(4™ level)

(@)

Figure 2.10. Damage to caulking and permanent misalignment observed after FB6 for
a (a) northwest corner with butt return joint, (b) southwest corner with miter joint.

MeasuredResults- Acceleration Amplification

Four panels (two OP and two IP) were instrumented with accelerometers to capture response in
the direction of input motion imposed by the shake table. These measurements were used to
calculate the amplification of theeeleration in the panels with respect to the building. In these
analyses, the uncorrelated acceleration amplification factor is calculated as the ratio of the
maximum Eastward (or Westward) acceleration in the panel to the maximum Eastward (or

Westward) aceleration in the slalizigure 211a and cshow the peak acceleration measured in
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the slab connected to the bottom of the panel versus the peak panel acceleration during the six
FB motions. In this case, it can be observed that all measurements can be bound by the linear 1:1
and 2:1, i.e. the amplification factor is between 1 and 2. Figure 2.11b and d shows the same plot
but considering the accelerations in the slab connected to the top of the panel. In this case the
acceleration amplification factors vary from roughly 0.9 (i.e., the peak acceleration in the panel
is smaller than that in the slab) to 1.6.

These analyses indicate the mean of the distribution is 1.28 and 1.1 for the top and bottom
slab, respectively. Measurements of the top slab show that in all cases the accelerations
amplified, with some reaching a maximum of 2.0 (or double that of the slab); whereas 90% of
the accelerations compared with the bottom slab were amplified. These plots clearly show that
the peak accelerations in the panels are generally greater than those at the floors in which they
are connected, and in some case the amplification is considerable. In the current design
approach, connections are designed for a force related to the expected acceleration in the
building, absent consideration of the impact of the potential for dynamic modification due to the
panel itself. Considering the present results, and assuming a 90th percentile, an amplification of
bottom and top floor peak accelerations of 1.6 and 1.3, is observed. These test results suggest the
actual amplification of forces may be higher than code estimates for precast panel connections in
the lower range of floor accelerations. It is important to note however, that since the design case
accelerations were not achieved, it is not clear that this amplification would hold true for upper

bound floor acceleration cases.
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Figure 2.11. Acceleration amplification within the APC panels in the BNCS tests: (a)

and (b) peak floor acceleration versus peak panel acceleration in the OP panels respect to
bottom and top slab, (¢) and (d) peak floor acceleration versus peak panel acceleration in
the IP panels respect to bottom and top slab.

Response of Corner Connections

The current state of practice is to oversizertievantpanel joints to prevent panel collisions at

the corners of the building during a large seisnweng but this may resulbh an unappealing
reveal on the building exterior. For this reason, in the BNCS test program a new connection with

a ductile fuse allowing for smaller corner j@nwas explored and installed at each corner
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connection. In this new corner system the floor-to-floor relative displacements are (ideally)
absorbed as follows:

» Elastic driftsare absorbed by the closing of the vertical corner joint, with the joint sized

sufficiently to avoid impact; and

» Inelastic driftsare larger than the vertical corner joint and therefore intended to result in

impact of the joint. However, upon impact the ductile fuse is designed to prevent
connection overload through the fuse mechanism, ensuring that the panels remain
attached to the building after the event. In this work, the ductile fuse was in the form of a
cantilevering bending plate that deformed during impact. At the same time, it was sized
to avoid damage to the other parts of the panel/connection. A picture of this connection
is shown in Figure 2.12a. A schematic of the corner system during inelastic drift
demands for the southeast corner is shown in Figure 2.12b and c.

The actual behavior of the corner joints in the southwest and northwest corners of the
building was captured during testing by video cameras. Screenshots showing the opening and
closing of the vertical joint during FB6 for the butt return and miter are shown in Figure 2.13 and
2.15 respectively. These video were taken from a camera fixed to the roof slab and hence this is
the point of reference. It is noted also that all the panels were cast straight, and the apparent
curvature of the OP panel in Figure 2.13 is a distortion created by the camera. Further

information about the behavior of the corners can be found in Pantoli et al. 2013d.
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Figure 2.12. Pushpull corner connection with ductile fuse on the OP panel&)
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Figure 2.13. Screenshots from videos of the corner joints view from the roof during
FB-6 for the butt-return joint in the NW corner showing (a) original position, (b) joint
opening and (c¢) joint opening (view looking down)
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